The ATP1 gene (YBL099w) encoding the F 1 F 0 -ATPase complex subunit of Saccharomyces cerevisiae is present on the left arm close to the telomere of chromosome II, and only one copy was reported by the Genome Project. Recently, we reported that three ATP1s designated ATP1a, ATP1b and ATP1c are located on chromosome II, with different distances between ATP1a and ATP1b, and ATP1b and ATP1c as identified previously. To elucidate the ATP1 repetition and their junction sites, we report here the complete nucleotide sequence of this region (approximately 35 kb) on the left arm of chromosome II in Saccharomyces cerevisiae using the prime clones 70113 and 70804 from ATCC, and genomic DNAs from various yeast strains S288C, DC5, W303-1A and those of the gene copy-specific ATP1-disruptants. The nucleotide sequences of the three ATP1s were identical, and they were repeated along with differing amounts of neighboring DNA sequences.
INTRODUCTION
Mitochondrial ATP synthase (F 1 F 0 -ATPase complex = F 1 F 0 ) functions as a key enzyme for ATP production in eukaryotic cells [1] . The enzyme is controlled in response to the energy demands of cells [2] . The enzyme complex is composed of the F 1 -ATPase (F 1 ) and the transmembrane sector, or proton channel (F 0 ) [3, 4] . Both F 1 and F 0 are necessary for ATP synthase activity, whereas F 1 alone retains the ability to hydrolyze ATP [5] . F 1 consists of five different subunits, , , , and in a stoichiometry of 3: 3: 1: 1: 1 in all aerobic cells. In the yeast S. cerevisiae, the subunits are encoded by the nuclear genes ATP1, ATP2, ATP3, ATP16 and ATP15, respectively. The minimum unit for F 1 resides on the --subunit dimer [6] . The catalytic center is considered to be the -subunit [7] . Recently, we revealed that multiple copies of the ATP1, ATP2, and ATP3 genes are arranged in tandem on each chromosome on which these genes are located [8] [9] [10] [11] , which were apparently different copy number from the sequence reported by the Genome Project [12] [13] [14] . The copy numbers of these F 1 F 0 subunit genes were not coincident with the subunit-stoichiometry of F 1 mentioned above.
Recently, we have revealed that the four bases should be arranged in a sophisticated fashion in the genome, and DNA sequences were deeply affected by the adjoining sequences. The non-coding sequences might play some important roles to express each gene (the coding sequences) in genome. That *Address correspondence to this author at the Department of Applied Life Science, Sojo University, 4-22-1 Ikeda, Kumamoto 860-0082, Japan; Tel/Fax: +81-235-25-9130. E-mail: mtakeda@tsuruoka-nct.ac.jp is, not only the coding region, but also the non-coding region might be necessary to transmit and to transform the biological information precisely, rapidly, and stably [15, 16] . Therefore, in the case of the discussion for the gene(s) in living cells, the entire structure of the genomic DNA including both coding-and non-coding regions should be targeted, and many biological phenomena might be deeply affected on the genomic DNAs [15] [16] [17] .
From these results, these genes were repeated twice or three times accompanied by neighboring ORFs and other DNA sequences on each chromosome as reported by the Genome Project. Therefore, more repetitive genes such as the F 1 F 0 subunit genes might be present on various chromosomes than previously thought. Gene repetition on each chromosome might make sense biologically and evolutionarily in addition to providing gene-backups. The DNA sequences to engender the gene repetition might be present on genomic DNA.
The ATP1 gene encoding the F 1 -subunit (F 1 ) of S. cerevisiae [18, 19] is present on the left arm close to the telomere of chromosome II. We report here the complete nucleotide sequence of the ATP1-repeated region (approximately 35 kb) on the left arm of chromosome II, and reveal that three ATP1 genes are arranged in tandem on chromosome II accompanied by the neighboring ORFs as reported previously [8, 9] . In this manuscript, the precise distances between the three ATP1 genes were determined by the complete nucleotide sequence analysis of the repeated region and junction sequences, and a common nucleotide sequence that was observed upstream of the three ATP1s and other F 1 F 0 subunit genes was discussed.
MATERIALS AND METHODS

Yeast Strains
Yeast strains used in this study were Saccharomyces cerevisiae DC5 (MATa, leu2-3, leu2-112, his 3, can1-11), LL20 (MAT , leu2, his3), W301-1A (MATa, leu2-3, leu2-112, his3-11 his3-15, trp1-1, ura3-1, ade2-1, can1-100), W303-1B (MAT , leu2-3, leu2-112, his3-11 his3-15, trp1-1, ura3-1, ade2-1, can1-100), YPH499 (MATa, ade2, his3, leu2, trp1, ura3, lys2), S288C (MAT , SUC2, mal, mel, gal2, CUP1), SKY2A11 (MATa, leu2-3, leu2-112, his 3, can1-11, atp1b::LEU2), SKY4A11 (MATa, leu2-3, leu2-112, his 3, can1-11,atp1a::HIS3, atp1c::HIS3) and TKY4011 (MATa, leu2-3, leu2-112, his3-11 his3-15, trp1-1, ura3-1, ade2-1, can1-100, atp1c::HIS3). 
E. Coli Strains
Polymerase Chain Reaction (PCR)
PCR was performed according to the procedure provided with the Takara Pyrobest TM polymerase PCR kit (Takara Shuzo Co., Ltd, Osaka, Japan). The primer pairs used in these experiments were designed according to the sequence data and purchased from Hokkaido System Science, Co. These primers are located in the ATP1-coding, 5'-, 3'-noncoding region and the neighboring ATP1 gene. DNA was amplified in PCR processors (Astec, Program TEMP Control Fig. (1) . Gene organization of three copies of the ATP1 gene on the left arm of chromosome II in S. cerevisiae. Template DNAs for sequencing were isolated from S. cerevisiae strains DC5, W301-1A, S288C, SKY4A11 and TKY4011, and the prime clones 70113 and 70804 were purchased from ATCC [8, 9, 17] . The digested DNA fragments were purified and manipulated according to previously published procedures [8, 9] . The prime clone 70113 was used for the isolation of ATP1a and ATP1b and their neighboring fragments, and prime clone 70804 was used for ATP1b and ATP1c and their neighboring fragments. The identification of ATP1 and the neighboring DNA fragments was performed by using Southern hybridization with the appropriate probes [8, 9] . To confirm the sequencing data from the prime clones, we sequenced the genomic DNAs isolated from the wild-type yeast strains as described previously [8, 9] . PCR and nucleotide sequencing were performed as described in Materials and Methods. System PC-700, Fukuoka, Japan) by using 30 cycles. Yeast genomic DNA was purified from each strain using a previously reported method [9] . PCR products from each template were cloned into the vector pBluescript (Stratagene, La Jolla, CA) for sequencing according to the procedure for the Takara Blunting Kination Ligation kit (Takara Shuzo Co., Ltd, Osaka, Japan).
DNA Sequencing
Nucleotide sequencing was performed by the dideoxy chain termination method with ABI models 373 and 310, and LI-COR model 4200L-2 sequencers.
Pulse-Field Gel Electrophoresis
The amplified DNAs were separated on 1% agarose (w/v) gels on an alternating CHEF gel apparatus (Bio-Rad, CA). Electrophoresis was carried out for 16 h in 0.5 x TBE buffer at 200 V (14 o C) with a 2.8 to 3.4 s linear gradient, as described previously [8] .
Miscellaneous
Southern hybridization of DIG-labeled ATP1 and other ATP1-neighboring probes used in the experiments were prepared as described previously [8] .
RESULTS AND DISCUSSION
Nucleotide Sequence
The ATP1 gene (YBL099w), encoding the F 1 , was mapped on the left arm close to the telomere of chromosome II in S. cerevisiae [19] . The yeast Genome Project reported that ATP1 was a single-copy gene mapping approximately 35 kb from the left telomere of chromosome II [12, 13] . We reported that three ATP1 genes were arranged in tandem on the left arm of chromosome II of S. cerevisiae (even in strain S288C) based on (1) chromosome II fragmentation at the site of the ATP1 gene, (2) Southern hybridization of the prime clones with the ATP1 probe (3.4 EcoR1 fragment) [8] and (3) long-PCR analysis using primers located just outside the GTGGACAAAG GCTTCGTTAA CATGCACTTA AACTACAGAA GCAGAAATAC ACGCAGTCAG ATP1a GTCGACAAAG GCTTCGTTAA CATGCACTTC AACTACAGAA GCAGAAATAC ACGCAGTCAG ATP1b ********** ********** ********** ********** ********** ********** ATP1c ********** ********** ********** ********** ********** **********
70
ATP1 (Genome) TGAAGCTATA--------------------(650 nt)---------------------------
ATP1a
TGAAGCTATA--------------------(650 nt)---------------------------
ATP1b
*************************(no nucleotides)************************ ATP1c *************************(no nucleotides)************************ 730 740 750 760 770 780 ATP1 (Genome) ATAATGAACG ATAACACACA CTATGAAAGA AGAATAATAA TAATAACACT GTATAGAAAT ATP1a ATAATGAACG ATAACACACA CTATGAAAGA AGAATAATAA TAATAACACT GTATAGAAAT ATP1b ********** ********** ********** ********** ********** ********** ATP1c ********** ********** ********** ********** ********** ********** 790 800 810 820 830 840 ATP1 (Genome) AGCGGCTCCC TCTTGTTTAT TCTCACATCC TCGAGCAAAA CTTCTAGCAA ATCCTGTGTA ATP1a AGCGGCTCCC TCTTGTTTAT TCTCACATCC TCGAGCAAAA CTTCTAGCAA ATCCTGTGTA ATP1b ********** ********** *********C TCGAGCAAAA CTTCTAGCAA ATCCTGTGTA ATP1c ********** ********** ********** ********** ********** ********** TTTTCAATAT TAGTGTAGAT AGGAAAGGAT CCTCGATGAA ATCGTTATGG TTAGTGTCTC ATP1c ********** ********** ********** ********** ********** ********** 970 1586 1596 ATP1 (Genome)
TGTTGATAAT -----------(606 nt)--------------TGTTCGATCC ACAGAATTCG ATP1a TGTTGATAAT -----------(606 nt)--------------TGTTCGATCC ACAGAATTCG ATP1b TGTTGATAAT -----------(606 nt)--------------TGTTCGATCC ACAGAATTCG ATP1c
********** ***********(no nucleotides)**************** ***GAATTCG 
Fig. (5)
. Upstream consensus sequence of three ATP1 genes. Isolation, identification, PCR experiments and sequencing of DNA fragments were as described in the legend to Fig. (1) . Colors are the same as the appropriate region of the ATP1 neighboring fragment on chromosome II (Fig. 1) .
start and stop codons [9] . In addition, these three ATP1s, ATP1a, ATP1b and ATP1c apparently showed no difference in ATPase activities although the distances between ATP1a and ATP1b, and ATP1b and ATP1c were different from each other as determined by long-PCR analysis [8, 9] .
The nucleotide sequence of the repetitive region (ca. 35 kb) containing the three ATP1s, ATP1a, ATP1b and ATP1c was determined using the prime clones 70113 and 70804 from ATCC [20] , and genomic DNAs isolated from yeast strains DC5, W303-1A [8] [9] [10] [11] and the gene copy-specific ATP1-disruptaption strains, SKY2A11, SKY4A11 and TKY4011 [8] . The results are shown in Fig. (1) . The arrows were indicated the ORFs and the direction of transcription. Surprisingly, three identical ATP1s were repeated accompanied by the neighboring ORFs reported by the Genome Project [12] . That is, the region downstream of ATP1b had a 5.7-kb (orange region) deletion compared with those of ATP1a, but the following yellow and blue regions were conserved ( Figs. 1 and 2) . However, most of the violet regions were deleted downstream of ATP1a (the region between ATP1a and ATP1b, Figs. 1 and 3) .
The delta sequence (red region, a transposable element) present upstream of ATP1a was conserved. In contrast, that of ATP1b had most of this sequence deleted except that the 
5'-
XhoI-BamHI fragment (0.1 kb) of the delta sequence was conserved, but that of ATP1c was completely deleted (Figs.  1, 3 and 4) . The 0.6 kb BamHI-EcoR1 DNA sequence was conserved in both the 5'-upstream regions of ATP1a and ATP1b, but completely deleted upstream of ATP1c (Figs. 3  and 4) .
The nucleotide sequences of the three ATP1s and the 3.4 kb EcoRI fragment (green region), and those of ATP1a, ATP1b and ATP1c were completely identical (data not shown).
Thus, three copies of the ATP1 gene are arranged in tandem accompanied by the neighboring ORFs and DNAs of ATP1 in a region of at least 30 kb on chromosome II reported by the yeast genome project. The differences [9] in the distances between ATP1a and ATP1b, and ATP1b and ATP1c could be explained to reveal the genome organization of the three ATP1s on chromosome II.
DNA Sequence Present Upstream of the Repetitive Genes
The XhoI-BamHI DNA sequence, in particular 5'-AATTTTTCAATT-3', which was part of the delta sequence (red region, a transposable element) [1, 21] , was located 1,242 bases upstream of the ATP1a and ATP1b start codons. Although the delta sequence was completely deleted upstream of ATP1c, a homologous 12 nucleotide sequence, 5'-AATTTTGCAATT-3', was located 706 bases from the upstream of the ATP1c start codon, which was as close as to the ATP1a-and the ATP1b-start codons. In addition, the 5'-AATTTTTCAATT-3' sequence was also completely conserved 332 bases upstream of the three ATP1s within the 3.4 kb EcoRI fragment (Fig. 4) . The homologous DNA sequence 5'-AATTTTTCAATG-3' was also found in the 1,294 bases upstream of the repetitive ATP2-region on chromosome X (data not shown). Moreover, other nuclear-encoded F 1 F 0 subunit genes, ATP3, ATP16, ATP15, ATP4, ATP5 or ATP7, each have a similar sequence upstream of the start codon, although the distance from the start codon varied (manuscript in preparation). Based on these results, it may be possible that the DNA sequence 5'-AATTTTTCAAT-3', located upstream of the three ATP1s could be driving gene repetition on the chromosome.
The mechanism of gene repetition that results in multiple gene copies of genes like that encoding the F 1 F 0 subunit is poorly understood, but the biological meaning of gene multiplicity and the relationship of gene duplication in the S. cerevisiae genome is an exciting subject that is currently under investigation [22] [23] [24] . F 1 F 0 -ATPase is one of the essential enzymes in eukaryotic cells, so the genes encoding subunits of the complex must be maintained in the event that some of the genes become mutated. Also, expression of the genes might be controlled by sophisticated regulatory mechanisms using multiple gene copies. The mechanism of the gene repletion on chromosome and the physiological meaning of these multiple copies of the F 1 F 0 subunit genes including ATP1 and other adjacent regions containing repeated units are still unknown in living cells. However, we need continue to consider them to understand why living cells harbor gene repetitions on chromosomes [24] .
In recent genome projects, the shotgun methods had been used to rapidly sequence large genomes and the data is organized into contigs by computer analysis. With this method it might be easy to overlook or ignore repetitive sequences such those identified in the ATP1 region (more than 35 kb). Typical repetitive genes were observed for ribosomal RNA on the right arm of chromosome XII of S. cerevisiae. This region was very large (1-2 Mb), but the exact size (base number) was not known. However, the ATP1-repetition region was an appropriate size for a detailed analysis of the DNA structure. Similar gene-repetitions had been observed for other ATP genes * in S. cerevisiae. ATP provides cellular energy and participates in all biological phenomena in living cells. To perform efficiently, each ATP gene might be organized on the chromosome in a sophisticated fashion. The gene organization might be regulating not only ORFs, but also other DNA sequences including the non-coding regions on chromosomes. Thus, we might modify our view of the S. cerevisiae genome based on the results reported in this manuscript.
In recent years, genome sequencing projects for many other species both the eukaryotes and the prokaryotes had been completed [25] [26] [27] [28] . Presently, most of research projects were focused on the analysis of ORFs, and the functions of the encoded proteins using methods such as proteome and transcriptome analyses [29] [30] [31] . However, from this viewpoint, it might be impossible to resolve the structure of the entire genome as a molecule in the biological system, and it still remained totally obscure whether or not there was significant structure in the genome [32, 33] .
Much of the genome, especially those of the eukaryotic cells were occupied by the non-coding regions such as RNAs, promoters, introns, SINE, LINE, MAR and poly(A) associated signals, etc., in addition to genes that were translated into proteins. In the eukaryotes, multiple complicated regulatory sequences were needed to express genes. These elements, which were located in the non-coding regions, were all needed to express a gene. For instance, miniRNA consisting of 22 nucleotides, was one type of non-coding region in genomes that may participate in regulating gene expression [34] [35] [36] .
Certain non-coding elements, including the transposable elements might trigger gene rearrangements in the chromosome. The delta sequence, which was a transposable element, was present in the region upstream of the ATP1 gene. It was possible that the delta sequence might be able to promote gene repetition, but all ATP genes did not have the * Foot note; other nuclear-coded F1F0-ATPase subunit genes of S. cerevisiae, ATP16
and ATP15, were also observed the gene-repetition accompanying the neighboring ORFs reported by the Genome Project (manuscripts in preparation). sequence in their upstream regions. A detailed study of the mechanism of ATP gene repetition is in progress.
The non-translated DNA regions vary in different species, and these sequences were important roles for perform the gene expression and the regulation of biological phenomena, and these detailed study are under the progress [37] [38] [39] [40] [41] [42] [43] [44] . It might be necessary to analyze the detailed study of the 35-kb region of three ATP1-repeated, especially the noncoding sequences.
